Abstract: This study was aimed to investigate the control efficiency of crop rotation (CR) and intercropping systems for root-knot nematodes (Meloidogyne sp.) in angelica (Angelica sinensis). Plants of angelica were intercropped with marigold (Tagetes erecta) plants in row-intercropping (RI) and plant-intercropping (PI) models in 2013. The continuous cropping (CC) model and sole cropping (SC) were used as the controls. The density change rate of nematodes in CR models (−83.63% and −72.61%) was lower than those in CC models. The CR model in 2013 showed the highest nematode control efficiency (44.83%), angelica yield (199.49 kg plot −1 ), and output value (65971.50 yuan Renminbi ha −1 ), and were the highest amongst the five models. The RI model showed a lower density change rate of nematodes (−23.34%) and a higher control efficiency for disease (36.63%) compared with the SC model. Both the rotation and intercropping models were efficient for controlling nematodes in angelica, and the rotation model was more effective than the intercropping models.
Introduction
Angelica sinensis (Oliv.) Diels, a well-known traditional Chinese medicinal plant, has been used for thousands of years to treat several diseases including blood deficiency, dizziness, palpitation, and menoxenia. Angelica sinensis is widely cultivated in the Yunnan province in China; however, the yield and quality of A. sinensis are seriously influenced by soil diseases and microorganisms in the soil, such as root-knot nematodes (Yao et al. 2010) . Root-knot nematodes (Meloidogyne sp.) are widespread root parasites that infest more than 5000 plant species worldwide, including many vegetables, commercial crops, shrubs, and trees (Blok et al. 2008; Olsen 2011 ). In the cultivation of A. sinensis, rootknot nematode disease has been considered as one of the most serious pest problems, seriously harming the normal development of A. sinensis and bringing great economic loss (Yao et al. 2010) . Therefore, it is urgent to improve control methods to protect A. sinensis against the root-knot nematode disease.
In the practical cultivation of A. sinensis, chemicals agents are usually used to control nematodes, which is the only effective method of nematode control at the present. However, comparing with chemical nematicides, physical and biological control methods of rootknot nematodes are more effective and exhibit more environmental friendliness (Dong 2012) , such as soil solarization, crop rotation (CR), intercropping or mix cropping with nematode-resistant or non-host crops [e.g., mustard (Sinapis alba), wheat (Triticum aestivum), marigold (Tagetes erecta), and sesame (Sesamum orientale)] (Oka et al. 2007; Collange et al. 2011; Stirling 2013; Védie et al. 2014) . Numerous studies have revealed that growing T. erecta is a successful method of controlling root-knot nematodes due to root diffusates (Krueger et al. 2010; Wesemael et al. 2011; Parveen et al. 2013) , and it has been used as an alternative to chemical nematicides (Dorman and Nelson 2012) . Based on findings from previous studies, T. erecta has been widely used as an excellent cover crop for other economic crops, such as watermelon (Citrullus lanatus), tomato (Lycopersicon esculentum), tobacco (Nicotiana tabacum), and pepper (Capsicum annuum) (Ploeg 2002; Gomez-Rodrıguez et al. 2003; Tibugari et al. 2012) . However, the efficiency of T. erecta on nematode control in A. sinensis has not been reported.
Plants of T. erecta are tall and heliophilous, whereas, plants of A. sinensis are dwarf and sciophilous. Although T. erecta has not been previously used for the intercropping with A. sinensis, our previous study that had obtained a patent (NO. ZL201210011154.1) showed that T. erecta controlled root-knot nematodes effectively in intercropping systems. In this study, the CR and intercropping systems of A. sinensis and T. erecta were respectively used to determine the efficiency of T. erecta on root-knot nematode control in A. sinensis. The root-knot nematode density and the crop yield were measured and used as the reference indexes for assessment of the efficiency of T. erecta. This study may provide new information for the improvement of cropping methods to protect A. sinensis against root-knot nematode pest.
Materials and Methods

Plant materials
Inner Mongolia marigold (T. erecta) 'Inner Mongolia F1' seeds were provided by Qujing Bohao Biotechnology Co. Ltd, Qujing, Yunnan, China. Angelica (A. sinensis) 'Yunan 1' seeds were provided by Zhanyi Agricultural Bureau and Biological Resources Development Technology Extension Station, Qujing, Yunnan, China.
Crop rotation (CR) experiments
This research of CR was conducted from 2012 to 2013 at the experimental site in a loam soil established in Yunnan Agriculture University. Root-knot nematode disease occurred seriously in this experimental site cropped with A. sinensis in the two years before our assays, with almost total destruction of A. sinensis. We found that the population of the second instar larvae of Meloidogyne sp. was high and distributed evenly in this site before our assays. The experimental site was divided into four plots (11.2 m length × 10.8 m width): CR-1, CR-2, continuous cropping (CC)-1, and CC-2, with 2 m distance between two plots (Fig. 1) . CR-1 and CR-2 were two replicates for CR; CC-1 and CC-2 were two replicates for CC. The CR experiment model was T. erecta (April to August 2012) -A. sinensis (April to December 2013), whereas the CC experiment model was A. sinensis (April to August 2012) -A. sinensis (April to August 2013). Both T. erecta and A. sinensis were seeded in a sterilized soil, and then the seedlings were transplanted to the experimental site. The plants were managed according to the standard of the local cultivation, and no nematicides were used during the growing seasons. Besides, during the idle period between two growing seasons, there were no other crops planted at the experimental site.
Intercropping experiments
In the intercropping experiment performed in April 2013, T. erecta and A. sinensis were intercropped as shown in Fig. 2 . Three experiment models of T. erecta intercropping with A. sinensis were row intercropping (RI), plant intercropping (PI) or sole cropping (SC) without intercropping with A. sinensis ( Fig. 2A ). In the RI experiment model (21.6 m length × 2 m width), four rows of A. sinensis were intercropped with two rows of T. erecta and planted in interrows of T. erecta. In the PI experiment model (21.6 m length × 2 m width), every two A. sinensis plants were intercropped with one T. erecta plant in interrows. No T. erecta plants were planted in the SC experiment model (21.6 m length × 1.1 m width) of A. sinensis. Each experiment was performed in three replicate plots, and the nine plots were randomly arranged (Fig. 2B ). In the intercropping plots, to make T. erecta colonize in advance and play a greater role in the control of nematicides, T. erecta seedlings were transplanted 20 d before the transplantation of A. sinensis plants in April 2012 and 2013. Plants were cultivated according to the local plant cultivation standard and no nematicides were used during the growing seasons.
Investigation of Meloidogyne sp. densities
Rhizosphere soil samples from plants of A. sinensis in each row of each plot were collected for the measurement of nematode populations using two-way diagonal equidistant multi point sampling method. For each plot, soil samples from multiple points were sufficiently mixed, and three sub-samples were separated from the mixed soil for the measurement of nematode populations. Modified Baermann funnel method was used to extract nematodes (Wang et al. 2015) . Briefly, a stainless steel sieve tray of 10 meshes per inch was nested in a matched salver, and a filter paper was put on the sieve tray. A total of 100 g fresh rhizosphere soil was spread on the filter paper, and an amount of sterile water was poured on the paper to submerge the soil. After isolation for 48 h at room temperature, the water leaking into the salver was filtered through two nested sieves of 500 meshes per inch. The collected nematodes were then counted using a dissecting microscope (16×). Each experiment was repeated three times. Both the initial density of second instar larvae of nematodes in 10 g soil before the transplantation of T. erecta and A. sinensis and the terminal density of nematodes after harvesting T. erecta and A. sinensis plants were determined. The rate of nematode density change was calculated as: Rate of nematode density change (%) = [(Terminal density − Initial density)/The highest density] × 100%.
Disease and efficiency rating
The root-knot nematode disease was assessed after the harvest of angelica plants in August 2012 and 2013, respectively. According to the classification standard of angelica root-knot nematode disease reported by Barker (1985) , the percentage of root area covered with root knots was estimated using a rating scale of 0-5 as follows: 0 = no root knot, 1 = 1%-3%, 2 = 4%-25%, 3 = 26%-50%, 4 = 51%-75%, and 5 = 76%-100%. The disease index (DI) were calculated based on the following formula:
where a represents the number of plants at a given level of angelica root-knot nematode disease; b represents the value of the corresponding disease level; c represents the total number of plants in a given group; and d represents the value of the highest disease level. The efficiency of the nematode control response to agroecosystem management was calculated using the following formula: Control efficiency = [1 − (DI in the treatment/DI in the control)] × 100%.
Determination of T. erecta and A. sinensis yield
The flowers of T. erecta in each plot were separately harvested in August 2012 and 2013, and average fresh weights (FW, kg) were calculated. The roots of A. sinensis were separately collected in December 2012 and 2013, and average FW was calculated. The output value of T. erecta and A. sinensis were dependent on the local market price [marigold was 0.9 yuan (Renminbi) kg 
Statistical analysis
All statistical analyses of data were conducted by SPSS 17.0 (SPSS Inc., Chicago, IL, USA). Quantitative data from multiple replications were summarized by computing the mean and standard deviation for each quantitative variable. One-way analysis of variance was used to determine differences among cropping systems with regard to root-knot nematode densities, control efficiency on root-knot nematodes, weight of A. sinensis, and output value of crops. Differences were considered statistically significant if P < 0.05 or 0.01.
Results
Effect of rotation cropping with T. erecta on root-knot nematode density in A. sinensis
The root-knot nematode densities in each experimental plot and the increment rate during April 2012 to December 2013 are listed in Table 1 . The density change rate of second instar larvaes of root-knot nematodes in the CR models was significantly lower than that in CC models in 2012 [(25.72%, 22 .79%) vs. (1747.65%, 1683.25%), Table 1 ]. Similar results were observed in 2013. Furthermore, the density change rate of root-knot nematodes in the CR model from April 2012 to December 2013 was significantly reduced, comparing with that in the CC model (Table 1) .
Effect of intercropping with T. erecta on root-knot nematode in A. sinensis
The initial density of nematodes in the experimental plots was 50 per 10 g soil. In the RI and PI models, the nematode density was reduced by 23.34% and 12.66%, respectively (Table 2 ). In the SC model, the nematode density was increased by 51.34%. There was a significant difference in the nematode densities between the intercropping and SC models (P = 0.016), and the highest density change rate in the RI model (−23.34%) indicated the highest control efficiency of the RI model on nematodes.
Control efficiency of different cropping systems on rootknot nematodes
The DI of root-knot nematodes and control efficiency of different cropping systems on nematodes were compared among CR, CC, RI, PI, and SC models (Table 3) . Root-knot nematodes were observed in all experimental plots. The DI in CC was higher than those in the CR, RI, and PI models, and the DI in the CR model was the lowest (P = 0.000). Furthermore, the DI in SC was significantly higher than those in the CR, RI, and PI models (P = 0.000). In the CR model, the control efficiency on nematodes in A. sinensis was 44.83%, which was higher than those in the RI and PI models. Note: N represents the number of second instar larvae of root-knot nematodes. Initial indicates the initial density of nematodes in soil before the transplantation of Tagetes erecta and Angelica sinensis, and Terminal indicates the terminal density of nematodes after the harvest of T. erecta and A. sinensis plants. Density change rate (%, 2012-2013) represents the density change rate of root-knot nematodes from the initial density in April 2012 to the terminal density in December 2013. CR and CC represent crop rotation and continuous cropping, respectively. Note: N represents the number of second instar larvae of root-knot nematodes. Initial indicates the initial density of nematodes in soil before the transplantation of T. erecta and A. sinensis, and Terminal indicates the terminal density of nematodes after the harvest of T. erecta and A. sinensis plants. *, P < 0.05, compared with SC. RI, PI, and SC represent row intercropping, plant intercropping, and sole cropping models, respectively. MS-1 represents mean square between groups; MS-2 represents mean square within groups. Df-1 represents degree of freedom between groups; Df-2 represents degree of freedom within groups.
Yield and output value analyses in different cropping models
The yields and economic incomes of different models in 2012 and 2013 were listed in Table 4 ).
Discussion
This study showed that in both rotation cropping and intercropping with T. erecta models, the density change rate of second instar larvaes of root-knot nematodes and DI in A. sinensis were obviously decreased, and the yield of A. sinensis was increased.
Tagetes erecta is a kind of nematode-antagonistic plant (Timper 2014) . The densities of six nematode genera in eggplant and pepper that were intercropped with African marigold were significantly reduced (Alam et al. 1977) . Rotations with poor or non-host crops for nematodes result in lower pest density in soil and higher yield comparing with continuously growing host crops (Timper 2009 (Timper , 2011 . As reported by Natarajan in 2006, the plant height, leaf number, and fruit of Lycopersicon esculentum plants treated with whole plant extracts of T. erecta were significantly higher or better than those grown in untreated nematode-infected soils (Natarajan et al. 2006) . Furthermore, studies have been reported that the intercropping and rotation cropping of marigold with crops such as tomato, chilli, and eggplant reduce the density of nematodes in soil and increase crop yield (Ploeg 2002; Gomez-Rodrıguez et al. 2003; Tibugari et al. 2012) . These studies were consistent with the results in the current study. Alpha-terthienyl, released by marigold roots, is believed to contribute to nematode suppression by marigold, via inhibiting the hatching of nematode eggs (Gommers and Bakker 1988; Siddiqui and Alam 1988) . These results suggest that rotation cropping and intercropping with T. erecta are effective methods to improve the economic performance of A. sinensis.
Additionally, the control efficiency of the CR system on root-knot nematodes in A. sinensis was higher than that of the RI and PI systems in this study, indicating that the rotation model of A. sinensis with T. erecta was more appropriate for controlling root-knot nematodes than intercropping models. Miller et al. (2006) have found that the CR system reduced the density of soybean cyst nematodes in soil. Besides, Krueger et al. (2010) consider that marigolds can be used as a rotational crop. Although the total output value in 2012 and 2013 in the CR system was slightly higher than that in the CC system, which might be due to the obviously lower price of T. erecta (0.9 yuan kg −1 ) than A. sinensis (8 yuan kg −1 ), we found that the CR model was more convenient to implement in cultivation than the RI model. Collectively, the CR model was inclined to be a feasible practice for root-knot nematode management in A. sinensis. This study has several limitations, one of which includes the limited duration of the research (one or two years). Long-term studies are needed to validate the findings reported in this work. Besides, it was still unclear whether the control efficiency on nematode density and the A. sinensis yield in a T. erecta -A. sinensis -A. sinensis rotation model were higher than the existing CR model or not. Thus, more studies need to be performed.
In this study, both the rotation and intercropping models with T. erecta were effective for controlling nematodes in A. sinensis. Moreover, the rotation model with the highest yield and control efficiency was more Note: DI represents disease index. CR and CC represent rotation cropping and continuous cropping, respectively; RI, PI, and SC represent row intercropping, plant intercropping, and sole cropping models, respectively. MS-1 represents mean square between groups; MS-2 represents mean square within groups. Df-1 represents degree of freedom between groups; Df-2 represents degree of freedom within groups. DI-1 means comparison of disease index between CC and other three cropping models (CR, RI, and PI). DI-2 means comparison of disease index between SC and other three cropping models (CR, RI, and PI). effective than the intercropping models. These findings were expected to provide novel information for the control of root-knot nematodes in A. sinensis.
